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a  b  s  t  r  a  c  t
Tensile deformation behavior of Fe–0.25C–3.5(10)Mn–5Al lightweight steel was studied in
a  large range of strain rate (0.001–1200 s−1) by using a universal material testing machine,
intermediate strain rate tensile testing apparatus and rotation disk bar-bar tensile impact
apparatus. Microstructures of the two steels before and after tension were observed by
means of Optical Microscope (OM), Scanning Electron Microscope (SEM), X-ray diffrac-
tion (XRD) and Transmission Electron Microscope (TEM). The results show that the two
lightweight steels have a high strength and plasticity and exhibit excellent combinations of
specific strength and ductility at the strain-rate of 0.001 s−1 after annealing at 850 ◦C for 5 min
then directly quenching into water. During the tensile deformation process, the austenite
in  3.5 Mn steel is transformed to ′-martensite. While in 10 Mn steel, the austenite is trans-
formed to twinning. With an increase in strain rate from 0.001 to 1200 s−1, tensile strength
of  the two steels increase, whilst the elongation initially decrease, and then increase. At
the  strain-rate of 450 s−1, the elongation of the two lightweight steels are minimal, and the
energy absorption capacity are the lowest. With the deformation progresses, the value of n
increases from small to large, the strain hardening effect becomes high. Uniform deforma-
tion  of 10 Mn lightweight steel was suppressed at high strain-rate. Comparing with 10 Mn
lightweight steel, the austenite in 3.5 Mn lightweight steel is obviously unstable and cannotprovide progressive phase transition.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
Y-NCCC  B
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first idea was to develop steel with aluminium in order to
reduce the material’s density [1]. However, the addition of Al
drastically decreases Young’s modulus of the material [2]. Alu-
minium is an -phase former, its solubility in -phase is low
and fully ferritic steels often show low ductility. Moreover, alu-
minium enhances microstructure ordering, which often leads
to embrittlement problems [3]. The idea of Mn  addition was
presented to decrease the negative influence of aluminium
[4]. Lightweight steel with Al content greater than 3% and Mn
n open access article under the CC BY-NC-ND license (http://
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content below 10% shows great potential as a strong candidate
for the third generation AHSS because its high strength duc-
tility exceeds that of the first generation AHSS, and the cost
may be lower compared to high Mn  second generation AHSS
[5–9]. The development of lightweight steel relies on a compre-
hensive understanding of the relationship between alloying
elements, thermomechanical processing, microstructure and
mechanical properties [10,11].
Previous studies of such steels have focused on the
microstructure evolution during critical annealing processes
and their effects on tensile properties [12–15]. And most of the
studies were concentrated on the mechanical behavior and
microstructure change of lightweight steels under static ten-
sion loading conditions. However, the automobile steel body
parts are manufactured by forming with the deformation rate
in the process being between 10−1 and 10 s−1. The deforma-
tion rate of the material during the impact on the vehicle is in
the range of 102 to 103 s−1. Therefore, in order to utilize more
lightweight steels in automobiles effectively, it is necessary to
understand its mechanical behavior and microstructure evo-
lution under high-speed deformation conditions.
As an important alloying element in lightweight steel,
manganese plays an important role in expanding the austen-
ite phase area, lowering the martensite transformation
temperature, and improving the stability of austenite. At
the same time, the Mn  content also affects the magni-
tude of stacking fault energy, which in turn affects the
deformation mechanism and work hardening behavior of
lightweight steel. But the studies on dynamic deformation
of Fe–C–Mn–Al system steels were mainly focused on high
Mn TWIP steels [16–19]. Rahman et al. [16] studied the
dynamic behavior of Fe–15Mn–2Si–2Al–0.7C TWIP steel, and
indicated that the yield stress increased with an increase
in strain rate from 0.01 to 950 s−1. Park et al. [17] investi-
gated the quasi-static and dynamic deformation mechanism
of Fe–15Mn–1.2Al–0.6C TWIP steel, and demonstrated that
the TWIP steel showed a higher strength and similar ductil-
ity under dynamic loading because of favorable effect of the
increased planar slip and twinning on tensile properties. Tang
et al. [18] studied microstructure and mechanical properties
of Fe–0.07C–23Mn–3.1Si–2.8Al steel in the strain rate range
of 10 s−1 to 1000 s−1, and the strength and elongation were
reported to increase with the increase of strain rate. This is
mainly due to strain induced intermediate -martensite and
intersecting deformed twinning generated under dynamic
loading. Ha et al. [19] pointed out that under high strain
rate deformation, nanostructured austenite is formed in
Fe–22Mn–0.4C TWIP steel due to deformation twinning to form
nanoscale twin/substrate sheets, and then dynamic recovery
which are caused by adiabatic heating. However, up to date
there are relatively few studies on the low Mn lightweight
steels, especially in high strain-rate conditions. Considering
the complexity of the influence of strain-rate and the Mn
content on the deformation behavior and mechanical prop-
erties of lightweight steels, the deformation mechanisms of
lightweight steels during dynamic deformation are not clear.
Therefore, it is necessary to study the influence of strain-rate
and Mn  content on the dynamic behavior of lightweight steels.
In this study, two new type of low Mn  lightweight steels
have been designed. The addition of Al reduces the density 0 2 0;9(5):11611–11621
of the steel. The current work is to explore micro-structural
evolution, mechanical properties and deformation behavior
of Fe–3.5(10)Mn–5Al–0.25C lightweight steel under the loading
in a range of strain-rates (0.001–1200 s−1), to understand the
effects of strain-rate and Mn content on adiabatic temperature
rise, stacking fault energy(SFE), deformation mechanisms, and
mechanical properties of the lightweight steel.
2.  Experimental  procedure
2.1.  Experimental  material
The chemical compositions of the steel investigated in the
present work are listed in Table 1.
A 150 kg ingot was produced in a vacuum induction melting
furnace filled with argon, followed by hot rolling to a thickness
of 3.5 mm between 900 ◦C and 1050 ◦C, subsequently hold-
ing at 650 ◦C for 1 h and cold rolling to 1.2 mm.  In order to
obtain the optimal mechanical properties, the two lightweight
steel sheets were annealed at 850 ◦C for 5 min, then directly
quenched into water. The density of these steel specimens,
measured by the Archimedes Drainage Method, showed a
reduction of 7.5% (3.5 Mn)  and 7.8% (10 Mn) in comparison to
the conventional high strength steel (7.85 g/cm3).
2.2.  Tensile  test
The quasi-static tensile properties were measured by MTS809
universal material testing machine at the strain-rate of
10−3 s−1. The specimens were designed as shown in Fig. 1.
The tensile properties at the strain-rate of 5 s−1 were stud-
ied using an intermediate strain-rate tensile testing apparatus
[20]. The schematic diagrams of the apparatus and the tensile
specimen were presented in Fig. 2. The tensile testing at the
strain-rate range of 450 s−1 and 1200 s−1 were performed by
using a dynamic tensile testing apparatus [21]. Fig. 3 shows
the schematic diagrams of the rotation disk bar-bar tensile
impact apparatus and the corresponding tensile specimen.
Three samples were used as repetitions in each set of experi-
ments.
2.3.  Microstructure  observation
The specimens were polished and etched in a solution of
4% Nital. The microstructure observation was conducted by
using an optical microscope (Nikon MA100) and a scanning
electron microscope (Hitachi S-570). X-ray diffraction (D/MAX-
2500) operating at 40 kV and 40 mA was also carried out to
identify phases, using Cu K radiation (scan rate 2◦/min, scan
step size 0.02◦). The volume fraction of austenite (V) was cal-
culated by Eq. (1) according to Dyson [22].
V =
1.4I
I˛ + 1.4I (1)where I is the average intensity of 220 and 331 diffraction
peaks and I is the intensity of 211 diffraction peak. High
resolution transmission electron microscope (JEM-2010 F) was
operated at an acceleration voltage of 200 kV. TEM samples
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Table 1 – Chemical composition (wt.%) and heat treatment process of the steel tested.
Steel C Mn Al Fe Heat treatment process
3.5 Mn 0.25 3.5 5 Bal. 850 ◦C × 5 min + water quenching
10 Mn 0.25 10 5 Bal. 850 ◦C × 5 min + water quenching
Fig. 1 – Dimensions of the quasi-static tensile specimen with a thickness of 1.2 mm.

















hickness of 1.2 mm.
ere cut into 3 mm diameter discs and mechanically polished
o 50 m.  Electro polishing was conducted using 5 vol.% per-
hloric acid in ethanol at −30 ◦C in a twin jet electro polisher,
ith the electrical potential being set at 40 V.
.  Results  and  discussion
.1.  Microstructure
ig. 4(a) and (b) is the optical structure of the steel investigated.
he ferrite is white, the austenite is gray or brown. It shows
 typical strip-shaped microstructure. In Fig. 4(a), dark gray
ustenite embedded in white ferrite matrix. In Fig. 4(b), the
mount of austenite is more  than that of ferrite, and the ferrite
mbedded in austenite. The microstructure observed by SEM
s shown in Fig. 4(c) and (d). In Fig. 4(c), the island-like austenite
s observed in ferrite matrix. In Fig. 4(d), most of the austenite
s distributed in a band shape, and a small amount of austeniteis distributed in the ferrite in an island shape. Combined with
quantitative metallography and X-ray diffraction analysis, the
microstructure of the 3.5 Mn lightweight steel is composed of
82% of ferrite and 18% of austenite, and the microstructure
of the 10 Mn lightweight steel is composed of 45% of ferrite
and 55% of austenite. As the manganese content increases,
the volume fraction of austenite content increases.
3.2.  Tensile  properties  of  the  steel  under  quasi-static
loading  conditions
Fig. 5 presents the room-temperature engineering stress-
strain curve of the two lightweight steels at a strain-rate of
0.001 s−1, from which tensile properties are summarized in
Table 2. From the figure, it can be seen that the yield strength
of 3.5 Mn lightweight steel is 640 MPa, the ultimate tensile
strength value is 820 MPa and elongation is 40%. The product
of strength and elongation (PSE) of 3.5 Mn  steel is 32,800 MPa %.
We also can see that the yield strength of 10 Mn  lightweight
11614  j m a t e r r e s t e c h n o l . 2 0 2 0;9(5):11611–11621
Fig. 3 – Dynamic tensile specimen: (a) Sketch of rotation disk bar–bar tensile impact apparatus; (b) Dimensions of
specimens with a thickness of 1.2 mm.
Fig. 4 – Microstructure under: (a) OM micrograph of 3.5 Mn  steel; (b) OM micrograph of 10 Mn steel; (c) SEM micrograph of
3.5 Mn steel; (d) SEM micrograph of 10 Mn  steel.steel is 570 MPa,  the ultimate tensile strength value is 750 MPa
and elongation is 44%. The product of strength and elongation
(PSE) of 10 Mn  steel is 33,000 MPa %. The two lightweight steelshave a high strength and plasticity and exhibits excellent com-
binations of specific strength and ductility. The increase in
manganese content leads to an increase in the volume fraction
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Table 2 – Mechanical properties under quasi-static condition of the lightweight steel.
Specimen Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%) PSE (MPa %)
3.5 Mn 640 820 
10 Mn 570 750 




























at different strain-rates are shown in Fig. 9. The mechani-nvestigated under quasi-static condition.
f austenite and a decrease in the carbon content in austen-
te, which results in a decrease in yield strength and tensile
trength and an increase in elongation.
The fracture surface features of the steel tested under
uasi-static condition were observed using SEM, shown in
ig. 6. Isometry dimples can be seen in the specimen, and the
racture form is a typical microporous aggregated ductile frac-
ure. Both 3.5 Mn  steel and 10 Mn  steel have high plasticity.
owever, the dimple in 10 Mn  steel is smaller and denser than
he dimple in 3.5 Mn  steel, so the elongation of 10 Mn steel is
lightly better than that of 3.5 Mn  steel.
The XRD patterns of the steel specimens before and after
he quasi-static tensile testing are shown in Fig. 7. The vol-
me  fraction of austenite (V)  in 3.5 Mn  steel before tensile
eformation is 18%. The V in the deformed microstructure
s less than 5%. 72.2% of austenite produces phase transition.
owever, the volume fraction of austenite (V)  in 10 Mn steel
efore tensile deformation is 55%. The V in the deformed
icrostructure is 43%. Only 21.8% of austenite produces phase
ransitions. The increase in Mn  content enhances the stability
f austenite, resulting in a smaller amount of austenite trans-
ormation. The research outputs [23–25] have shown that the
eformation mechanism of austenite in steel is a main influ-
ntial factor which determines steel properties. In order to
tudy the strengthening mechanism of the steel investigated,
t is necessary to firstly calculate the stacking fault energy.
In this study, the stacking fault energy of the steel studied
s calculated by Eq. (2) according to Olson and Cohen [26].
FE = 2G→ε + 2/ε (2)40 32,800
44 33,000
where  is the molar surface density determined by the {111}
plane lattice constant, G→ is the molar Gibbs energy of the
→ phase transition; / is the / interface energy, which is
9 J/m2. The chemical composition of austenite in lightweight
steel sheet after holding at 850 ◦C for a period of time was cal-
culated by Software Thermo-Calc using TCFE9 database. The
stacking fault energy of 3.5 Mn steel calculated by Eq. (2) is
14.4 mJ  m−2, and the stacking fault energy of 10 Mn steel is
38 mJ  m−2. The previous research work [11] showed that, when
the stacking fault energy was in the range of 20–40 mJ  m−2, it
tended to obtain high strength, high plasticity and high strain
hardening rate by forming mechanical twinning; when the
stacking fault energy was in the range of 15–20 mJ  m−2, the
TRIP effect and TWIP effect occurred simultaneously; when
the stacking fault energy was less than 15 mJ  m−2, the marten-
sitic transformation was the main deformation mechanism.
Curtze and Kuokkala and Allain et al. [23–25] also indicated
that stacking fault energy has a great influence on the defor-
mation mechanism of Fe–C–Mn–Al steel. When the stacking
fault energy is higher than 20 mJ  m−2, the deformation mecha-
nism is TWIP effect dominant. While the stacking fault energy
is less than 20 mJ  m−2, the deformation mechanism is TRIP
effect dominant. In this study, the stacking fault energy of
3.5 Mn steel studied is less than 15 mJ  m−2, which should be
dominated by the TRIP effect. However, the stacking fault
energy of 10 Mn steel studied is more  than 20 mJ  m−2, which
should be dominated by the TWIP effect.
It can be seen in Fig. 8(a)-(c) that the austenite in 3.5 Mn
lightweight steel is transformed into ′-martensite during the
tensile deformation process at the stain-rate of 10−3s-1. The
appearance of ′-martensite in the microstructure of the spec-
imen after tensile deformation illustrates the existence of the
TRIP effect indeed, which is consistent with the calculation
results of the stacking fault energy. In Fig. 8(d)-(f), the austen-
ite in 10 Mn lightweight steel is transformed into -martensite
and deformation twin during the tensile deformation process
at the stain-rate of 10−3 s-1. The appearance of -martensite
and deformation twin in the microstructure of the specimen
after tensile deformation illustrates the existence of the TWIP
effect indeed, which is also consistent with the calculation
results of the stacking fault energy. Because of the TRIP and
TWIP effect in austenite, both of the two  steels have high
strength, high elongation and excellent comprehensive per-
formance.
3.3.  Tensile  properties  under  dynamic  loading
conditions
The engineering stress-strain curves of the steel investigatedcal properties of the two steels are listed in Table 3. With an
increase in strain rate from 0.001 to 1200 s−1, tensile strength
of 3.5 Mn steel increases from 820 to 932 MPa. Yield strength
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Fig. 6 – SEM Fracture morphology: (a) 1000 times of 3.5 Mn  steel; (b) 2000 times of 3.5 Mn  steel; (c) 1000 times of 10 Mn steel;
(d) 2000 times of 10 Mn  steel.
Fig. 7 – X-ray diffraction results of steel investigated before and after deformation: (a) 3.5 Mn steel; (b) 10 Mn steel.increases from 640 to 806 MPa.  Tensile strength of 10 Mn steel
increases from 750 to 870 MPa.  Yield strength increases from
570 to 747 MPa.  Comparing with the quasi-static condition,
yield strength of 3.5 Mn  steel increases by 9.8, 24.2 and 25.9%
and ultimate tensile strengths increases by 3.2, 10.5 and 13.7%
respectively at the strain-rate of 5, 450 and 1200 s−1. Yield
strength of 10 Mn  steel increases by 8.8, 26.0 and 31.1% andultimate tensile strengths increases by 2.7, 12.0 and 16.0%
respectively at the strain-rate of 5, 450 and 1200 s−1. This
is attributed to the large multiplication of dislocations in a
short deformation time that makes the dislocation sliding
difficult at the higher strain-rate [27,28]. The yield stage as
initial stage of dislocation proliferation is significantly faster
than the end stage of dislocation proliferation. However, with
j m a t e r r e s t e c h n o l . 2 0 2 0;9(5):11611–11621 11617
Fig. 8 – TEM analysis before and after deformation under quasi-static condition: (a) Bright field of 3.5 Mn  steel; (b) Austenite








e) -martensite and diffraction pattern of 10 Mn  steel; (f) Def
n increase in strain rate from 0.001 to 1200 s−1, the elon-
ation of 3.5 Mn  steel studied initially decreases from 40 to
5%, and then increases from 16 to 29%. The elongation of
0 Mn  steel studied initially decreases from 44 to 16%, and then
ncreases from 16 to 29%. At a strain-rate of 450 s−1, the elon-
ation of the two steels are the minimal. It can be concludedation twin and diffraction pattern of 10 Mn steel.
that the plasticity-increasing effects in austenite induced by
phase transformation or deformed twinning are suppressed
by the deformation localization at a high strain-rate [29]. As
the strain-rate increases to 1200 s−1, it can be seen that the
uniform elongation of the two steels start to increase. The pos-
sible reason is the softening of the matrix caused by adiabatic
11618  j m a t e r r e s t e c h n o l . 2 0 2 0;9(5):11611–11621
Fig. 9 – Tensile stress–strain curve at different strain rate: (a) 3.5 Mn  steel; (b) 10 Mn  steel.
Table 3 – Mechanical properties at different strain rate of two steels.
Steel Strain rate Yield strength (MPa) Ultimate tensile
strength (MPa)
Elongation (%) Eab (MPa %)
3.5 Mn 0.001 s−1 640 820 40 29,668
5 s−1 703 846 26 19,362
450 s−1 795 906 15 12,386
1200 s−1 806 932 29 25,868
10 Mn 0.001 s−1 570 750 44 30,085
5 s−1 620 770 34 24,477
84
87450 s−1 718 
1200 s−1 747 
heating. Adiabatic temperature can be calculated by Eq. (3)








where  and  indicate stress and strain,  is density, CP is
heat capacity, T is temperature rise and  is the efficiency of
the thermomechanical conversion. At a strain-rate of 1200 s−1,
T of 3.5 Mn  steel is 60 K and T of 10 Mn  steel is 65 K. Some
related research [30,31] has shown that during deformation of
AHSS(Advanced High Strength Steel), due to the changed work
of plastic deformation and the latent heat caused by the phase
transformation of the retained austenite, the temperature in
the necking zone exceeds 80 ◦C at a strain-rate of 0.1 s−1. Cal-
culation results show that temperature at a strain-rate of
1000 s−1 increases almost by 100 ◦C.If the necking stage is con-
sidered, it could increase locally to over 300 ◦C. For that reason,
the adiabatic heating has influenced the ductility of the two
steels tested significantly by softening of matrix [32,33].
It is noted that the elongation of the two steels at the strain-
rate of 1200 s−1 are always lower than that at the quasi-static
condition. The reason is that the loss of ductility resulting
from the weakness of the TRIP effect or TWIP effect is much
greater than the benefit of ductility resulted from the softening
of matrix caused by adiabatic heating.
For some automotive components, the ability to absorb
energy is an important measurement index. In this research,
integral areas of tensile curves are used to evaluate the capa-0 16 11,975
0 29 23,903
bility of energy absorption [34], which are shown in Table 3.
It can be seen that comparing with the quasi-static condi-
tion, the ultimate tensile strengths of 3.5 Mn  lightweight steel
at the strain-rate of 5, 450 and 1200 s−1 increase by 3.2, 10.5
and 13.7% respectively. However, the elongation of 3.5 Mn steel
reduced by 35, 62.5 and 27.5%. The ultimate tensile strengths
of 10 Mn lightweight steel at the strain-rate of 5, 450 and
1200 s−1 increase by 2.67, 12 and 16% respectively. However,
the elongation of 10 Mn steel reduced by 22.7, 63.6 and 34.1%.
The rate at which the tensile strength increases is not as fast
as the elongation decreases, so comparing with the quasi-
static condition, energy absorption of 3.5 Mn steel reduced
by 34.7, 58.3 and 12.8% and energy absorption of 10 Mn  steel
reduced by 18.6, 60.2 and 20.5% respectively. It seems that at
the strain-rate of 450 s−1, energy absorption capacity of the
two lightweight steels are the lowest.
Fig. 10 shows the results of X-ray diffraction. In Fig. 10(a),
it can be seen that there is no obvious austenite peak at the
strain-rate of 5 and 450 s−1. Most retained austenite is trans-
formed to ′-martensite. At the strain-rate of 0.001 s−1, the
volume fraction of austenite in 3.5 Mn steel is 4.36%. While
at the strain-rate of 1200 s−1, the volume fraction of austen-
ite in the steel is 10.03%. More retained austenite does not
transform to ′-martensite. It is concluded that adiabatic heat-
ing results in temperature rising in matrix, suppressed the
transformation of austenite to martensite [35]. It is consis-
tent with the conclusion of the literature [36]. At low strain
rate,  (strength of ferrite relative to austenite) is relatively
small, which enables the accommodation of plastic deforma-
j m a t e r r e s t e c h n o l . 2 0 2 0;9(5):11611–11621 11619
Fig. 10 – X-ray diffraction results before and after tensile fracture at different strain- rates: (a) 3.5 Mn  steel; (b) 10 Mn  steel.

















0 Mn  steel.
ion by ferrite and compensates the negative impact of the
artial suppression of the TRIP effect. At medium strain rates,
 is relatively high, and plastic deformation is primarily
ccommodated by austenite, which induces the pronounced
ctivation of the TRIP mechanism. At high strain rate, plas-
ic deformation is not accommodated by ferrite to a large
xtent due to a very high . Additionally, adiabatic heating
ffects partially suppress the TRIP effect in austenite. While
n Fig. 10(b), there is no obvious change at the strain-rate of
.001, 5, 450 and 1200 s−1. It is concluded that the austenite
n 10 Mn  steel is more  stable and adiabatic heating has little
ffect on deformation twin.
Fig. 11 is the curve of instantaneous strain hardening expo-
ent (n value) with strain at different strain rates. It can be
een from the figure that in all deformation processes, the
alue of n increases from small to large, indicating that thedislocations in the material increase rapidly and the strain
hardening effect becomes high. When the deformation is near
the end, the strain hardening value increase rapidly, and then
breakage occurs. While in Fig. 11(b), during the quasi-static
tensile process, strain hardening value of one section is in
a constant state. It is because that during the deformation
process of 10 Mn steel, there is also stress relaxation at the
same time of twinning strengthening, resulting in high plas-
ticity. Although both two lightweight steels have austenite,
the austenite in 3.5 Mn lightweight steel is obviously unsta-
ble and cannot provide progressive phase transition. At other
strain rates of 10 Mn steel, there is no section where the strain
hardening value is constant. The main reason is that the defor-
mation speed is too fast, the material is not allowed to be
slowly deformed, and it is too late to produce lax while the
material is strengthened. By comparing the strain harden-
 o l . 2
r
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ing values at different strain rates, it is found that the strain
hardening value decreases as the strain rate increases, which
is consistent with the conclusion of the literature [37], and
because the n value decreases, the sample will be broken
before significant geometric necking occurred.
4.  Conclusions
In this study, the influence of strain-rates and Mn  content
on the microstructure and mechanical properties of two
lightweight steels have been studied in detail. Based on the
research outcomes, the following conclusions can be drawn:
(1) At a strain-rate of 0.001 s−1 after annealing at 850 ◦C for
5 min  then directly quenching into water, the ultimate
tensile strength of 3.5 Mn  lightweight steel is 820 MPa,
the elongation is 40% and the product of strength and
elongation (PSE) is 32,800 MPa %. The ultimate tensile
strength of 10 Mn  lightweight steel is 750 MPa, the elon-
gation is 44% and the product of strength and elongation
(PSE) is 33,000 MPa %. The two lightweight steels have a
high strength and plasticity and exhibit excellent com-
binations of specific strength and ductility. During the
tensile deformation process, the austenite in 3.5 Mn steel
is transformed to ′-martensite. While in 10 Mn steel, the
austenite is transformed to twinning.
(2) With an increase in strain rate from 0.001 to 1200 s−1, ten-
sile strength of 3.5 Mn  steel increases from 750 to 870 MPa,
whilst the elongation initially decreases from 44 to 16%,
and then increases from 16 to 29%. Tensile strength of
10 Mn  steel increases from 750 to 870 MPa, whilst the
elongation initially decreases from 44 to 16%, and then
increases from 16 to 29%. At the strain-rate of 450 s−1, the
elongation of the two lightweight steels are minimal, and
the energy absorption capacity are the lowest.
(3) With the deformation progresses, the value of n increases
from small to large, the strain hardening effect becomes
high. With an increase in strain rate from 0.001 to 1200 s−1,
uniform deformation of 10 Mn  lightweight steel was sup-
pressed. Comparing with 10 Mn  lightweight steel, the
austenite in 3.5 Mn  lightweight steel is obviously unstable
and cannot provide progressive phase transition.
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